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Abstract >> Fuel cell systems have to satisfy acceptable operating reliability, suffi-
cient lifetime and price to enter the market in competition with existing products.
Fuel cells are made up of complex element technologies and various problems
related to the failure of the components can affect the reliability and safety of the
system. This problem can be overcome by introducing a monitoring and super-
visory control system in addition to automatic control to detect the failure of the
fuel cell quickly and properly diagnose the performance degradation. For the
fault detection and diagnosis of polymer electrolyte fuel cells, the model based
method using the theoretical superposition value and the non-model based
method of checking the signal tendency or the converted signal characteristic
can be applied. The methods analyzed in this paper can contribute to the devel-
opment of integrated monitoring and control technology for the whole system as
well as the stack.

Key words : Polymer Electrolyte Fuel Cell, PEFC(1 £ X} M| &2 & M X|), Faults
detection and diagnosis methods(1% A& 4 X 7|%), Model
based diagnosis method(Z & 7| &t XI &t 7| &), Non-model based di-
agnosis method(H| 2 & X Ct HEAl)
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Fig. 1. Example of fuel cell system configuration
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Table 1. Abnormal state that can occur in a stack element
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Events
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Fig. 6. Classification of fault detection and diagnosis methods
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Table 2. Failure classification methods
Methods Variables Faults Major results Reference
Various feature extraction and classification
methodologies were employed on a 20-cell PEMFC
Feature extraction: stack using the individual cell voltages. For feature
PCA, FDA, KPCA, Floodin extraction methods (PCA, FDA, KPCA, KFDA) and
KFDA . Cell voltage ’ Drvin g three typical classification methodologies (GMM, | Li et al.”
Classification: - PIng K-NN, SVM) were employed. Considering the
GMM, K-NN, SVM performances of diagnosis accuracy and feasibility of]
online implementation, FDA combined by SVM were
chosen as final solution in the case.
. Stack volt: . .
SS?: kvg rargrelt Coolin tem An ANN ensemble method is used for the fault
Artificial neural Stack Tume ’ GZO rg 5ys er diagnostics of the PEFC. The ANN ensemble method
network (ANN) | . cx emp. T S CTOSsove based on BP-ANN and the Lagrange multiplier Shao et al.?”
. Air flow rate . Air supply system . .
ensemble Air Pressure Fuel supply system method is designed.
’ ’ PPy 8 4 sub-ANNSs were used to classify the 4 fault patterns
. H2 Pressure
In order to discriminate different degree of
flooding/drying in the stack, EIS is utilized as a basis
tool and a double-fuzzy method consisting of fuzzy
F logic with . wat lusteri logi 1 . T
uzzy logic wi Stack voltage water clus erlng and fuzzy ogic was developed WO Zheng et Al
EIS management features, i.e., occurring frequency of the maximal
absolute phase value and polarization resistance, were
proved to be valuable and beneficial for fault
classification
Low pressure The SVM combined with designed diagnosis rule is
- P used to achieve FDD with using. individual cell
- High pressure voltages as the variables for diagnosis. After trainin
SVM Cell voltage . Low air & . £ L AN 1 etal?
stoichiomet the SVM model using 5 state data sets including
. 4 normal state, the SVM model was used to estimate the
. Drying
state
k 4 3 H|RE 7|dt [AF 4= al X|C} HiEH
Zui;‘(l/ HJJ—LEj I 2/"171) . I = In_ © O& X L o™
T ;
u () =% ) ] )
31/ N, Sba] mElALS AMg S ok g A% W A
i=1 @7l oRE ATHAEY, )= (Control
7] K-NN 4312|152 Fig. 83} o] vhebdl 4= chart) 717 Z1e]3 A&s|4 71y Sol ok
ol B0 NS A 71 EAe g A

A @A & 4 Qi mpoh ol x9] A%E4 290 FYNBVOE 1 4F L AV 53
AT o WEKe] Aol whldlstel  she wholth YHAEE AST 4 gl ol
HE o] aEpbpo] vERdth AA7|A = M me A, FERto] BRI Aol 2 o835 H=
Aelo] G AdeE AN o ALl 7b d, 2 A 497t Qe o A sl A
4w e glolch wtef mgko] 201w o g8k | HAN(imit checking) ¥ olck of ¥
% AEol & Als des BRE A M2 ALHY S Mg vy A8 A &
omyE Azo] wulds Hrk mol gol Aol WA vlmale] o] G Wk A5 7w
FAASE AFHE F7hE0] BRE HoR 59 slbol MANHYS el 1 gl oy
FE O Aol o7t Ayt FastA Hrok = 71719 S A-sks ol of¢jef 4
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Table 3. Non-model-based fault detection and diagnosis methods

Methods

Variables

Faults

Major results

Reference

. Cell voltage
. Back pressure

. H; leakage

The voltage- time curves and back pressure variation were
analyzed to determine and localize the failed cell of a
5-cells short stack and 18-cells stack based on the data of
the stack under hydrogen sudden stop condition when the
stacks are operating in the open circuit voltage condition.

Khorasani

etal™

Signal checking
(control chart)

. cell voltage

. H, leakage

The the voltage-time graph of the cells were monitored in
different operating conditions with a 100 W three-cell
stack and a 5 kW 42-cell stacks. The curve allowed the
detection of the failed cells, which show abnormal
performance and voltage pattern when compared to the
other cells in the stack.

A low cell voltage threshold defined at 200 mV.

Tian et al.*

Signal checking
(cumulative control
chart)

. Acoustic

Emission

.Drying

The acoustic emission (AE) technique was evaluated for the
detection of membrane dehydration in PEFC during
operation. EIS and AE measurements were carried out
during dehydration of Nafion samples at 10% RH. The
curve of the cumulated AE activity was shown to be
sensitive enough to detect the drying stste.

Legros et al*)

Signal Processing:
Wavelet Transform
(WT)

. Stack voltage

. Water
management

The WT was applied to localize the dysfunctions related to
inappropriate humidity levels inside the cell. A
comparison between the Discrete Wavelet Transform
(DWT) and the Continuous Wavelet Transform (DWT)
had shown that the DWT is more efficient in detecting and
localizing faults in fuel cells.

Ibrahim etal.*

. Air pressure

To detect and identify a high air stoichiometry fault, the

difference  |. Air wavelet transform (WT) and more precisely the energy 36)
o L . .. Pahon et al.
. Stack voltage | stoichiometry contained in each detail of the wavelet decomposition was
. cell voltage successfully used.
Sienal processing: Based on EMD, the voltage is decomposed in fourteen
£ . 4p & intrinsic mode functions (IMFs), and then the energy of|
Empirical Model . Water . ne . Damour
.. Stack voltage each IMFs is computed to quantifying its contribution to 40)
Decomposition management . . etal.
(EMD) the overall energy. The FDD of nominal, flooding and
drying states are performed using only two specifics IMFs.
5] AAE AAEE oA or HFetal st HE ASs] R AvkE kR s3E] Ui
AZ17] feliA e B4t S04 oAkl Bdo] A off 844 F3d(analytical redundancy) RH o] @il
|2 Za7t ok ARdA S fsiAE A7l = Stk BEA Y] Al siA A SHU S
sho}, Aofel o W B AW SAGS Fol @ 9] Hol, Z A} 518ghS Zuksh wgo]
A HAA o] asiey AdrdA|e} o] vjdy  AsHIThal ZhERith e 27u jEs o)
Kol 47 BALRE Awe] JusA s 9 Balo] BReH 2B 3PS B w4 A9
A AbAZEO] A 288 4 glo] AAlZE  HAY, mdldle] HElE o Zshs WAl 2
AHS SIS AT A PEE AW Fold mUAY] AT oS5t WAE A
7| mel o] fe|d 4= Uk Fig. 73} o] w31 QUrh AR ARE Aol dSE A5
A7k AL Bl o] Aol AA| ST g ghol A oA A& el Hlojd B9 L
Hlmste] WEE AESHE Aol ol F ol & oz 73 4 qlom Wk A4 WS
ab7] W] Axhesidula) Aol e Sl ol gste] WAL ALY 4 Utk WY BAAL
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Table 4. Model-based fault detection and diagnosis methods
Methods Variables Faults Major results Reference
A model equation for the analysis of hydrogen supply
Grev-box and water content was derived and the constants of the
Y In: current, analytical equation were determined using
model . . . . . Fukuhara
temperature . Flooding experimental data. Using the residuals, which are the 47)
(state . etal.
L Out: H, supply rate difference between the model formula and the
estimation) .
experimental results on the hydrogen supply, the water
condition is diagnosed and is managed with purge.
Fault detection and diagnostics are performed using four
Out: motor current,|. Compressor motor residuals related to motor current, motor speed,
Grey-box motor RPM, O, |. Flooding oxygen ratio, and stack voltage. As a model for Escobet et
model stoichiometry, |. Manifold Air leak estimating the steady state, [-V coefficient formula of] al®
stack voltage . Temperature controller | the stack was obtained by nonlinear regression method
using experimental data of fuel cell for automobile.
Cells in a faulty are detected by using a 12-coefficient
change of a multiple regression formula that predicts
Regression eq.|In: H; pressure,  |. Gas crossover the voltage of a unit cell. When the voltage of the unit
(parameter time . Anode/cooling cells in the stack is predicted, it is regarded as a failure| Tina et al*”

estimation) |Out: cell voltage compartment leak

of the cell when it exceeds the allowable range by
comparing with the predictive coefficient value of the

other cell.
. Compressor friction
In: stack current merease . The modelling of PEMFC system based on a parameter
. Stack degradation . .
Out: compressor varying approach (LPV model), that considers model
. Hydrogen leakage s . .
RPM stack parameter variation is presented. This model is . 50)
State observer . (gasket) . . e Liaret al.
voltage, O, inlet obtained using a Jacobian linearization of the PEMFC
. Hydrogen leakage . .
pressure, O, . non-linear dynamic model. A set of common fault
L (Manifold) . .
stoichiometry . scenarios for a normal PEMFC operation is used.
. Air leakage
(Manifold)
> ohapA SO U X[ =2 H28 X3s 20173 62
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Table 4. Continued
Methods Variables Faults Major results Reference
Degree of hydrogen leakage and oxygen concentration
In: stack voltage & Y g 8 . V8 .
Out: resist. . Hydrogen leakage, decrease are diagnosed by using coefficients Mousa
: resistance, - . . . L
it . Lowering of oxygen (resistance, capacitance) change of equivalent circuit| et al. *”
capacitance . .
) P to predict Nyquist plot.
Equivalent -
circuit A model of a PEFC are presented for a prognostics
(parameter purpose and validated \.Nlﬂf expgrm(ljentgl data. The
- - . arameters are successively updated usin; .
estimation) |In: current Prediction of degradation P . Y up . g Lechartier
. . . .| characterization measurements (polarisation curves 56)
Out: voltage using equivalent circuit . etal.
and electrochemical impedance spectroscopy [EIS]).
Degradation phenomena are diagnosed based on the
results of the model compared to the ageing data.
In: stack current . . . .
. The radial basic function (RBF) network model using
compressor- . Air leakage, .
- the difference of the measured value and the result of]
motor current  |. Sensor failure . .
Out: net power (power, voltage the steady state prediction formula is used to detect the| Kamal
ut: wer, Wer, Vi , . .
stack cprrent air (I)) en) g faults. It is shown that all these faults with the etal. ™
u , X . . .
Ve . amplitude of only £10% of variable's nominal value
(0y) . Actuator failure .
o can be clearly detected and isolated.
ANN (state stoichiometry
estimation) |In: current
air flow rate,
stack temp., . . A diagnosis procedure of water management issues in .
. P . Air drying, BOSIS p g Steiner
dew point temp. . fuel cell based on a black-box model based on s4)
. flooding etal.
Out: voltage, recurrent neural networks.
air pressure
difference
. Compressor friction
In: stack current, .
increase . . .
motor voltage A fault diagnosis methodology termed visual
Fuzzy . Motor overheat . . . .
(state Out: motor current, Water discharee block-fuzzy inductive reasoning is used. This Escobet
. motor RPM, O, |’ . . g simulator includes a set of five fault scenarios with the| et al.*®
estimation) . resistance increase .
stoichiometry . most frequent faults in fuel cell systems.
. Air leakage
stack voltage .
. Motor voltage increase
. Drying of membrane
. Air flooding
. H2 valve controller
ualitative . H2 mass flow sensor . . .
Q n: Ten faults are correctly diagnosed by a signed directed
model . H2 pressure sensor . . .
. Out: H; pressure, graph (SDG) of the system that includes continuous |Chatti
(signed . H2 temperature sensor . . . 61)
. stack power, paths that are difficult to distinguish by Matrix et al.
directed . Fuel cell current sensor .. .
stack voltage consisting of only three residuals.
graph) . Fuel cell voltage sensor
. Water temperature
sensor
. Water pressure sensor
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